Inelastic neutron spectra of the commensurate J3&3 herringbone monolayer phase of nitrogen physisorbed on the graphite (002) surface at low temperature have been compared with lattice-dynamics calculations of the polycrystalline-averaged one-phonon coherent neutron cross section. The observed zone-center energy gap of -0.4 THz in the acoustic-phonon branches is a factor of 2 larger than calculated from central atom-atom potentials. We conclude that current models of the corrugation in the adatom-substrate potential greatly underestimate the lateral restoring forces in this relatively simple molecular film. P AC S numbers: 68.35.Ja, 6 1.1 2.Gz, 63.20.Dj
J. R. Dennison
Department of Physics, Utah State University, Logan, Utah 84322-4415 (Received 22 May 1989) Inelastic neutron spectra of the commensurate J3&3 herringbone monolayer phase of nitrogen physisorbed on the graphite (002) surface at low temperature have been compared with lattice-dynamics calculations of the polycrystalline-averaged one-phonon coherent neutron cross section. The observed zone-center energy gap of -0.4 THz in the acoustic-phonon branches is a factor of 2 larger than calculated from central atom-atom potentials. We conclude that current models of the corrugation in the adatom-substrate potential greatly underestimate the lateral restoring forces in this relatively simple molecular film. P AC S numbers: 68.35.Ja, 6 1.1 2. Gz, 63.20.Dj The structure and phase transitions of physisorbed films, particularly on graphite basal-plane surfaces, have been extensively studied for over fifteen years. In many cases, the structure of these systems reflects a delicate balance between intermolecular interactions and the lateral periodic variation of the adatom-surface potential, the so-called corrugation in the holding potential. ' Future advances in understanding the structure of monolayer solids as well as the character of their phase transitions will likely depend on better knowledge of the corrugation in the holding potential.
The adatom-substrate corrugation of physisorbed films has proved to be very difficult to determine experimentally. Molecular scattering has been usefu1; but, for graphite surfaces, such work has been largely limited to Heatom scattering. Most of our knowledge of the corrugation for adsorbates on graphite is based on semiempirical atom-atom potentials.
However, even for a rare gas such as Kr on graphite, these potentials fail to account for the observed commensurate monolayer phase. Here we shall show that they also greatly underestimate the energy gap in the acoustic-phonon branches of a simple molecular film, nitrogen adsorbed on graphite. This result demonstrates that the corrugation implied by these potentials cannot account for the lateral restoring forces present in the commensurate monolayer even though its structure is predicted correctly.
On a smooth surface with no corrugation in the holding potential, the acoustic phonons of a crystalline monolayer have zero frequency at the Brillouin zone center. Such zero-wave-vector modes correspond to a uniform translation of the entire monolayer. On the other hand, if the monolayer is commensurate with the substrate (or nearly so), the corrugation in the potential provides a restoring force for the adatoms. The spectrometer was operated in an energy-loss, fixed-final-energy configuration (EF =5.04 meV) with a horizontally focusing analyzer giving an elastic resolution of 0.07 THz full width at half maximum (FWHM) and increasing to 0.12 THz FWHM at an energy transfer of 2 THz. The sample cell was filled with Papyex' sheets which could be mounted so that the majority of graphite c axes were either parallel or perpendicular to the wave-vector transfer Q (denoted parallel and perpendicular configurations, respectively). The commensurate monolayer corresponded to a coverage of 202-cm STP of Nz, and all spectra were taken at a temperature of 4 K.
The unit cell of the commensurate %3x3 herringbone monolayer phase is shown in Fig. 1(a) . As a result of the presence of the glide lines labeled A and B, '' the azimuthal angles pi and p2 are equal. From neutron diffraction measurements, ' these angles have been determined to be in the range 40'-50'. Figure 2(a) shows the INS spectrum taken at wave-vector transfer Q=1.70 A ' in the parallel configuration. This g value was chosen to give a good sampling of the region of reciprocal space near the center of the Brillouin zone as shown in Fig. 1(b) . ' The background scattering from the Papyex substrate has been subtracted. It is evident that the spectrum is dominated by two peaks at -0.4 and 1.5 THz. These peaks reproduced in two other spectra taken under the same conditions; there were no other discernible features up to 2.5 THz. The width of the elastic peak (at 0 THz) is the same as the instrumental In an effort to determine the polarization of the vibrational modes near 0.4 and 1.5 THz, shorter scans were made in the Q-perpendicular configuration. As shown in Fig. 2(c) , it is now very difficult to resolve any peaks in the spectrum near 0.4 THz, and the peak at 1.5 THz is enhanced. These features are consistent with assigning the lower-frequency modes to atomic displacements parallel to the graphite surface and the upper modes to displacements perpendicular to the surface. ' Our modeling of the neutron spectra in Fig. 2 I(a) ]'' and yields an in-plane her-ringbone arrangement of the molecules having an azimuthal angle &=45' within the range inferred experimentally. ' The calculated height of the molecules above the surface is 3.39 A compared to the Cardini and O' Shea value of 3.32 A based on the classical potential energy.
The molecular height has not been determined experimentally.
Once the film structure was found, we performed harmonic lattice-dynamics calculations to obtain its phonon spectrum.
The dynamical calculations omit the
McLachlan substrate interaction and the stretching of the intramolecular N -N bond (at a much higher frequency than the lattice vibrations). A molecule's configuration is described by its center-of-mass position and the polar and azimuthal angles of its N -N bond; each molecule has five degrees of freedom, and there are two molecules per unit cell. The ten branches of the dispersion relations are shown in Fig. 3(a) for selected symmetry directions in the Brillouin zone along with the calculated phonon density of states in Fig. 3(b) .
We have calculated the one-phonon inelastic coherent cross section for neutrons scattered inelastically from the polycrystalline monolayer. ' The results, after folding with the instrumental energy resolution function, are shown in Fig. 2(b) for two diff'erent models of the Nzgraphite holding potential. In order to represent the polycrystalline nature of the film, the cross section has been spherically averaged over all possible orientations of the film lattice with respect to the wave-vector transfer Q. However, preferential orientation of the crystallites in the Papyex substrate affects the experimental mode intensities as shown in Fig. 2(c) . Since our main concern is calculating the mode frequencies rather than their intensities and the frequencies are independent of the type of averaging, spherical averaging of the cross section is sufficient for our purpose here.
The predicted spectra in Fig. 2(b) are qualitatively similar to the observed spectrum in Fig. 2(a) . The solid curve, computed for the interaction model described above, is dominated by peaks at -0.2 and 1.45 THz.
Polarization analysis reveals that the 1.45-THz peak is the almost dispersionless bouncing mode of the molecules normal to the surface while that at 0.2 THz is associated with the 1owest longitudinaland transverse-acoustic modes polarized parallel to the surface. These identifications are consistent with the upper peak persisting and the lower one diminishing in the out-of-plane scattering configuration [see Fig. 2(c) ]. ' As in the observed spectrum, the lower peak is asymmetric and has some structure in its high-frequency tail. For our purposes, it is important to note that the maximum in intensity at 0. calculated spectra is that the lower peaks occurs at -0.4 THz rather than the -0.2 THz predicted. To increase substantially the calculated zone-center gap requires an increase in the eff'ective corrugation of the Nz-graphite potential.
One method to accomplish this is to use anisotropic atom-atom potentials similar to those which have been found to give a larger corrugation for rare gases adsorbed on graphite than do isotropic potentials. zs We calculated the dashed curve in Fig. 2(b) for the Joshi-Tildesley anisotropic model of the Nz-graphite interaction.
It can be seen that the calculated peak from the zone-center modes is now at 0.26 THz but still well below that observed; the agreement with the bouncing mode at 1.5 THz has improved.
From an experimental standpoint, it is important to appreciate that the peak in the INS spectrum contributed by the zone-center modes arises from the coherent character of the scattering. If an incoherent scatterer is used instead, the one-phonon cross section is an average over the entire Brillouin zone ' rather than the single arc in Fig. 1(b) which preferentially samples the zone center. The one-phonon incoherent cross section then more closely resembles the density of states [ Fig. 3(b) ] which has a shoulder rather than a peak at the zonecenter gap frequency. '
To conclude, we have identified a peak in the INS spectra of a commensurate N2 monolayer on graphite whose frequency accurately measures the zone-center gap in the lowest acoustic-phonon branch. The inferred gap frequency is a factor of 2 larger than present models predict. This discrepancy shows that current models of the adatom-substrate potential give a poor representation of the corrugation for this relatively simple and widely studied molecular film and suggests that further work is required to improve model potentials for prototypical physisorbed monolayers.
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